The kynurenine pathway of tryptophan metabolism is involved in the pathogenesis of several brain diseases, but its physiological functions remain unclear. We report that kynurenic acid, a metabolite in this pathway, functions as a regulator of food-dependent behavioral plasticity in C. elegans. The experience of fasting in C. elegans alters a variety of behaviors, including feeding rate, when food is encountered postfast. Levels of neurally produced kynurenic acid are depleted by fasting, leading to activation of NMDA-receptor-expressing interneurons and initiation of a neuropeptide-y-like signaling axis that promotes elevated feeding through enhanced serotonin release when animals re-encounter food. Upon refeeding, kynurenic acid levels are eventually replenished, ending the elevated feeding period. Because tryptophan is an essential amino acid, these findings suggest that a physiological role of kynurenic acid is in directly linking metabolism to activity of NMDA and serotonergic circuits, which regulate a broad range of behaviors and physiologies.
INTRODUCTION
Imbalances in brain levels of metabolites derived from tryptophan degradation via the kynurenine pathway (KP) have been linked to a variety of neurodegenerative and psychiatric disorders (Schwarcz et al., 2012) . Altered brain or cerebrospinal fluid levels of kynurenic acid (KynA) and/or quinolinic acid are associated with schizophrenia (Erhardt et al., 2001; Schwarcz et al., 2001 ), Alzheimer's, and Huntington's diseases (Beal et al., 1992; Heyes et al., 1992) and depression (Steiner et al., 2011; Erhardt et al., 2013) . Genetic and pharmacological blockade of the KP ameliorates neurodegeneration and protein aggregation in diverse model organisms (Campesan et al., 2011; Zwilling et al., 2011; van der Goot et al., 2012) , whereas the beneficial effects of exercise on symptoms of depression have been attributed to altered peripheral KP metabolism (Agudelo et al., 2014) . Despite these associations, the physiological regulation of brain levels of KP metabolites and their normal physiological roles remain ill defined.
Several intermediates of the KP have distinct neuro-and immune-modulatory functions. For example, KynA inhibits and quinolinic acid activates glutamatergic neurotransmission (Perkins and Stone, 1982; Hilmas et al., 2001) , leading to the suggestion that the associations of the KP with CNS disorders derive from modulation of glutamate excitotoxicity (Andiné et al., 1988; Carpenedo et al., 2001; Foster et al., 1984) . Additionally, the serotonin-kynurenine hypothesis of depression advanced the idea that disregulated shunting of tryptophan through the KP negatively impacts serotonin levels (Lapin and Oxenkrug, 1969) . However, direct physiological evidence of KP metabolic competition limiting serotonin biosynthesis has been lacking.
C. elegans display food-related behavioral plasticity (Sengupta, 2013; Douglas et al., 2005) . For example, when C. elegans deplete their local food source, they reduce their food intake behavior and increase their locomotory rate to forage for food, behaviors that depend on changes in serotonin signaling (Avery and Horvitz, 1990; Sawin et al., 2000; Hills et al., 2004) . Upon encountering a new food source, C. elegans resume their ad libitum feeding and movement rates. However, if C. elegans experience a period of fasting before encountering food, they temporarily increase their feeding rate and slow their movement beyond the levels seen in ad-libitum-fed animals once they are back on food (Avery and Horvitz, 1990; Sawin et al., 2000) . These behaviors presumably allow food-deprived animals to consume more food and rapidly recover physiologic functions post-fast. How the experience of fasting further modulates responses to food is poorly understood.
Here, we show that KynA serves as an internal gauge of nutrient availability to modulate feeding behavior in C. elegans. Depletion of KynA during fasting from the nervous system is required for the hyperactivation of feeding in C. elegans when they re-encounter food. Feeding then leads to replenishment of the KynA, ending the hyperactive feeding state. KynA depletion is sensed by neurons that express NMDA-type ionotropic glutamate receptors (NMDA-r) whose activity is communicated to serotonergic sensory neurons via a neuropeptide signaling axis. Given that many of the regulatory modules discovered in the context of C. elegans feeding behavior are conserved in the mammalian brain, the role of KynA as a neurally produced gauge of the peripheral metabolic state that controls serotonin signaling is likely to be well conserved.
RESULTS
Fasting Induces a Serotonin-Regulated Hyperactive Feeding State upon Food Re-exposure C. elegans actively ingest food through regular, coordinated muscular contractions of the pharynx that concentrate, disrupt, and pump bacterial food into their intestinal lumens (Avery and You, 2012) . The pharyngeal pumping rate correlates with food intake (Avery and Horvitz, 1990; Avery and You, 2012) . Except for periods of developmental arrest or larval molts, when cultured on E. coli OP50, C. elegans exhibit continuous pumping with brief intermittent pauses (Avery and You, 2012; You et al., 2008) . C. elegans change their pumping rates relative to food availability and the experience of fasting by reducing the rates when fasted, and, as we will describe in detail below, they temporarily hyperactivate it relative to the ad-libitum-fed state when they are reintroduced to food post-fast (Avery and Horvitz, 1990) .
To characterize the post-fast overfeeding behavior, we subjected C. elegans to 1, 2, or 4 hr of fasting and measured pumping rates immediately before and after returning to ad libitum access to food for 5, 30, 60, and 120 min ( Figure 1A) . Each of these fast intervals caused the same extent of reduction in pumping. In turn, all fasted animals resumed rapid pumping upon returning to food. However, upon introduction of food, animals that had fasted for more than 1 hr exhibited hyperactive feeding. This hyperactive feeding state was temporary, persisting for 1 hr before subsiding to ad libitum rates that were intermediate between the depressed fasting rates and the hyperactive rate seen post-fast ( Figure 1A ). The extent and duration of the overfeeding were not enhanced in animals that had been fasted for 4 hr versus those fasted for 2 hr ( Figure 1A ). Although in absolute terms the noted changes in pumping rate are small, representing the normal physiologic range of this behavior, the pharyngeal pumping rate is a robustly quantitative trait due to its small variance.
To understand how the post-fast hyperactive feeding state is regulated, we first examined serotonin signaling. Serotonin-deficient tph-1 mutants exhibit reduced pharyngeal pumping relative to wild-type animals (Sze et al., 2000) , and restoration of tph-1 to only the ADF neurons, a pair of serotonergic head sensory neurons, confers wild-type pumping under ad-libitum-fed conditions (Cunningham et al., 2012) and upregulated pumping in response to familiar food (Song et al., 2013) . We found that serotonin deficiency also abrogates fasting-induced hyperactive feeding, which can be partially restored through reconstitution of serotonin biosynthesis in only the ADF neurons ( Figure 1B and Table S1 available online). Moreover, the extent of fasting-induced hyperactive feeding was reminiscent of the effects of treatment of wellfed animals with exogenous serotonin or serotonin reuptake inhibitors (Horvitz et al., 1982; Avery and Horvitz, 1990; Srinivasan et al., 2008) . Serotonin-induced hyperactive feeding is dependent on the serotonergic GPCR, SER-5, and consequent inactivation of an AMP-activated kinase (AMPK) complex encoded by aak-2 in a pair of interneurons that selectively express the obesity-associated transcription factor, Sim-1/HLH-34 (pathway summarized in Figure S1A ) (Cunningham et al., 2012) . Loss-offunction mutants of ser-5 and hlh-34 exhibited wild-type pumping rates during the ad-libitum-fed and -fasted states but failed to hyperactivate pumping post-fast ( Figure 1B) . Consistent with the notion that aak-2 mutants mimic behaviors of animals with persistently elevated serotonin signaling, their already elevated feeding was not further elevated post-fast ( Figure 1B) .
To determine whether the observed changes in pumping rate correlated with changes in food ingestion, we assessed the accumulation of BODIPY dye within the intestines of wild-type, tph-1, ser-5, hlh-34, and aak-2 mutants cultured on the food containing the fluorescent dye. There was a direct correlation between pumping rates of these strains and the extent of BODIPY accumulation ( Figure S1B ).
A Kynurenine Amino Transferase Functions Upstream of Serotonin to Regulate Feeding
Our findings suggested that, in the context of feeding regulation, serotonin signaling may exist in at least three states: (1) active (A) Animals were fasted for 1, 2, or 4 hr, and the pharyngeal pumping rate was measured before exposure to food and 5, 30, 60, and 120 min post-fast. To facilitate visualization of data pertaining to changes in pumping rate, all feeding data are presented with the x axis defining the ad-libitum-fed wild-type rate. n = 10-14 animals per condition; ns, p > 0.05 and **p < 0.01 compared to ad-libitum-fed ANOVA (Dunnett). (B) Pharyngeal pumping rates of wild-type, mutant, or transgenic animals at the indicated fasting and refeeding periods. n = 10 animals per condition. *p < 0.05, ***p < 0.001, and ****p < 0.0001 ANOVA (Sidak). In (A) and (B), error bars indicate 95% confidence interval (c.i.). See also Figure S1 and Table S1 . signaling in well-fed wild-type animals; (2) reduced signaling upon food removal, a condition mimicked by loss of tph-1; and (3) a transiently elevated serotonergic state post-fast, a condition mimicked by aak-2 mutants. To understand the transient hyperactive pumping state better, we searched for additional mutants with altered pharyngeal pumping and found that nkat-1(ok566) loss-of-function mutants exhibited constitutively elevated pumping rates and food ingestion (Figures 2A and S1B ). Similar to aak-2 mutants, nkat-1 mutants reduced their pharyngeal pumping upon fasting and had elevated feeding rate post-fasting that was not attenuated with continued feeding (Figure 2A ). The hyperactive feeding of nkat-1 deficiency was suppressed in tph-1, ser-5, and hlh-34 mutants, whereas the elevated rates of aak-2 mutants were not further changed by nkat-1 deficiency ( Figure 2B ), suggesting that nkat-1 can function upstream of serotonergic signaling.
NKAT-1 and two other C. elegans proteins (NKAT-3 and TATN-1) are homologous to mammalian kynurenine aminotransferases (KATs), which act on kynurenine (Kyn), a key intermediate of the kynurenine pathway (KP). In both C. elegans and mammals, Kyn is derived from the irreversible catabolism of tryptophan by tryptophan 2, 3 dioxygenase ( Figure 2C ). Depending on which enzymes then act on Kyn, it can have three distinct proximal metabolic fates. Kynurenine mono-oxygenase and kynureninase convert Kyn into 3-hydroxy kynurenine (3-Hkyn) and anthranilic acid (Ant), respectively, which are further transformed by other enzymes of the KP ( Figure 2C ) (van der Goot et al., 2012; Stipanuk and Caudill, 2013) . Alternatively, as a substrate for KATs, kynurenine is oxidatively deaminated to form KynA, the only known biosynthetic route to this metabolite. To assess the role of KP metabolites in feeding behavior, we developed an HPLC-based assay to measure metabolite levels from whole-animal extracts. Mutants in nkat-1 contained 50% less KynA than wild-type C. elegans fed ad libitum ( Figure 2D ). Levels of tryptophan and Kyn, the predicted substrate of nkat-1, were unchanged relative to wild-type animals, whereas levels of Ant were elevated in nkat-1 mutants ( Figure 2D ). Other metabolites downstream of Kyn such a 3-hydroxykynurenine (3-HKyn, Figure 2C ) or 3-hydroxyanthranilic acid (data not shown) were not detectable in either wild-type or nkat-1 mutants in our assay. These findings suggested that NKAT-1 activity contributes to KynA pools and the deficiency in KAT activity may not significantly impact the organismal pool of Kyn substrate because it is 1,000-fold larger than that of KynA.
To determine whether the nkat-1 pharyngeal pumping phenotype was related to its KynA deficiency, we supplemented the feeding media of C. elegans with either 0.1 or 2.5 mM KynA. These supplementations did not reduce the pharyngeal pumping rate of well-fed, wild-type animals on food ( Figure 2E ) but blocked the hyperactive feeding phenotype of nkat-1 mutants ( Figure 2E ), indicating that a deficiency in KynA promotes hyperactive feeding.
KynA Levels Are Responsive to Fasting and Regulate Feeding
Because tryptophan is an essential amino acid in both C. elegans and vertebrates (van der Goot and Nollen, 2013), we suspected that nutrient status may affect the tissue pools of the KP metabolites. After 2 hr of fasting, both Kyn and KynA levels declined by 70%, but the decline of the levels of Trp, a 30-to 40-fold larger pool than that of Kyn, did not attain statistical significance, and levels of Ant increased by 40% ( Figure 3A) . Thus, fasting promotes degradation of kynurenine and a shift from production of KynA to that of Ant. During subsequent refeeding, levels of Kyn and KynA initially remained depressed, but then the levels of KynA and Ant recovered to their pre-fast, ad-libitum-fed state by 2 hr, the same time frame when animals attenuate their hyperactive feeding post-fast. Levels of Kyn at this time point still remained depressed ( Figure 3A ). As summarized in Figure 3B , these data indicated that, similar to serotonin signaling, KynA levels correlate with three distinct states of feeding behavior:
(1) basal ad-libitum-fed state with normal levels of KynA, (2) a fasted state resulting in depressed KynA levels, and (3) a state of depressed KynA when animals encounter food immediately post-fast and exhibit hyperactive feeding. Given ample food supplies, animals in this state eventually return to the ad libitum feeding state.
To understand the influence of KynA in mediating the plasticity between feeding states, we altered KynA levels during different nutritional states. We supplemented basal medium with 100 mM of either Kyn (the physiological precursor to KynA), KynA, serotonin (5-HT), or 3-HKyn. These metabolite add backs were conducted during the fasting period and pharyngeal pumping rates were measured prior to and after animals were returned to food ( Figure 3C ). Consistent with the notion that a drop in serotonin signaling underlies the reduced feeding off of food, C. elegans treated with 5-HT during the 2 hr fast did not lower their feeding. Nevertheless, when these animals were returned to food (without added 5-HT), they still exhibited hyperactive feeding, indicating that the 5-HT signal of food availability is insufficient to mitigate the impact of fasting on post-fast feeding. Supplementations with KynA, but not Kyn, partially blocked the drop in pumping upon fasting ( Figure 3C ). Notably, both of these supplementations during the fasted state fully blocked the subsequent hyperactive state without affecting the rapid (within 1-2 min) rise in pumping from the low rates during fasting to the intermediate ad libitum rates upon exposure to food (Figures S2A and 3C) . Treatment of fasting C. elegans with 3-HKyn, a metabolite irreversibly derived from Kyn and one that cannot be converted into KynA ( Figure 2C ), had no effects on feeding behavior during fasting or refeeding ( Figure 3C ). Metabolite measurements in fasting animals revealed that Kyn administration during fasting elevated KynA levels 3-fold over vehicle-treated animals, whereas levels of Kyn, Trp, or Ant were not significantly altered ( Figure S2B ).
We next examined the effects of kynurenine pathway mutations on KynA levels and feeding behavior. Under ad-libitumfed conditions, levels of Kyn, KynA, and Ant were elevated 4-to 8-fold in kmo-1(tm4529) mutants relative to wild-type C. elegans ( Figure S2C ). Although subjecting the kmo-1 mutants to a 2 hr fast caused a decline in KynA levels, these levels still far exceeded that found in ad-libitum-fed wild-type animals (Figure S2C ). The kmo-1 mutants were unable to hyperactivate their pharyngeal pumping rate post-fast ( Figure 3D ). However, loss of nkat-1 resulted in constitutively hyper-activated pharyngeal pumping, even in a kmo-1 mutant background ( Figure S2D ).
Similar to kmo-1 mutants, flu-2(e1003) mutants, which have low kynureninase activity and elevated Kyn and KynA levels (van der Goot et al., 2012) , were unable to hyperactivate their pharyngeal pumping post-fast ( Figure 3D ).
Taken together, these results point to KynA as the specific metabolite whose levels determine the overfeeding behavior of animals post-fast; fasting results in a depression of KynA levels, which then permits the hyperactive feeding state when animals A) Pharyngeal pumping rates. n = 9-13 animals per condition. **p < 0.01 and ****p < 0.0001 ANOVA (Tukey). (B) Pharyngeal pumping rates of serotonin pathway mutants cultured on either vector control RNAi or nkat-1(RNAi) expressing E. coli. n = 10 animals per condition. ns, p > 0.5, * p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 compared to wild-type animals cultured of RNAi control vector ANOVA (Dunnett). (C) Schematic of the kynurenine pathway. tdo-2: tryptophan 2,3 dioxygenase; kmo-1: kynurenine mono-oxygenase; flu-2, required for kynureninase expression. (D) Comparisons of kynurenine pathway metabolite levels in wild-type versus nkat-1 mutants. Error bars indicate SD of determinations from five cultures per genotype. *p < 10 À5 (two-tailed, t test: wild-type versus nkat-1).
(E) Effects of KynA supplementation on pharyngeal pumping. n = 10 animals per condition. ****p < 0.0001 ANOVA (Tukey). In (A), (B), and (E), error bars indicate 95% c.i. are returned to food. As food is ingested, KynA levels recover, attenuating the hyperactive feeding behavior.
Localized Production of KynA in the Nervous System Regulates Feeding To identify the tissues of origin for KynA production, we generated transgenic animals expressing a transcriptional fusion of the nkat-1 promoter to GFP (nkat-1p::gfp) and observed consistent expression in head neurons with occasional weak transgene expression in the gonad and intestine ( Figure 4A ). To identify the precise cells in which nkat-1p::gfp is expressed, we generated nkat-1p:;gfp; nmr-1p::mCherry double transgenics ( Figure 4B ). The nmr-1 promoter was previously shown to be expressed in NMDA receptor expressing neurons named AVA, AVE, AVD, PVC, AVG, and RIM (Brockie et al., 2001 ). Based on their axonal projections and cell body positions, two of the nkat-1p active neurons were identified as RMDV and RIM pairs of neurons, which are directly adjacent to nmr-1-expressing AVA and AVD neurons, respectively. Only sporadic, weak mCherry expression could be observed in RIM. The third nkat-1p active neuron situated dorsal to the nerve ring with an axon projection along the dorsal nerve cord was identified as RID. Thus, with the potential exception of RIM, nkat-1 is likely expressed in neurons that lack NMDA receptors but are in close anatomical proximity to those that do (White et al., 1986) . Reconstitution of the nkat-1 cDNA using the nkat-1 promoter described above, a pan-neuronal promoter (unc-119) or its selective expression in only the RIM and RIC interneurons using the tdc-1 promoter, completely rescued the hyperactive pumping phenotype of nkat-1 mutants ( Figure 4C ). By contrast, nkat-1 mutants continued to exhibit hyperactive feeding when nkat-1 cDNA was reconstituted either in the ADF serotonergic neurons using the srh-142 promoter or when using the nkat-3 promoter, which is robustly expressed in pharyngeal muscle, as well as in some head neurons ( Figures S3A and S3B) . Thus, production of KynA at specific neural locations is a critical determinant of feeding behavior.
A Neuropeptide Signaling Axis Emanating from NMDA-R-Expressing Interneurons Regulates Post-Fast Hyperactive Feeding In mammals, KynA has been characterized as an antagonist of glutamatergic neurotransmission in particular through NMDAgated ionotropic receptors (Perkins and Stone, 1982) and by presynaptic inhibition of glutamate release via antagonism of a-7 nicotinic acetylcholine receptors (Carpenedo et al., 2001 ). The spatial expression patterns of nkat-1 and nmr-1 prompted us to investigate the role of C. elegans NMDA-receptor (NMDA-r) in feeding behavior. The two subunits of the C. elegans NMDAr are encoded by nmr-1 and nmr-2, which have identical expression patterns in a few interneurons (Brockie et al., 2001 ). Both nmr-1(ak4) and nmr-2(tm3785) loss-of-function mutants exhibited pharyngeal pumping rates indistinguishable from wildtype animals when fed ad libitum and while fasting (Figures 5A and 5B). However, both mutants were insensitive to the feeding increasing effects of nkat-1 deficiency ( Figure 5A ) and failed to exhibit post-fast hyperactive feeding ( Figure 5B) . Expression of the nmr-1 cDNA under the control of the nmr-1 promoter restored the capacity for hyperactive feeding ( Figures S4A  and S4B ). Unlike the case of the nkat-1 phenotypic rescue, expression of nmr-1 cDNA in RIM and RIC using the tdc-1 promoter or in RIM alone using the cex-1 promoter (Cohen et al., 2009 ) was insufficient to rescue the hyperactive feeding defect of nmr-1 mutants (Figures S4A and S4B) . Moreover, although nmr-1(RNAi) suppressed the hyperactive feeding state of nkat-1 mutants, it failed to alter the constitutive depressed pumping of serotonin deficient tph-1 mutants or the hyperactive pumping of AMPK deficient aak-2 mutants ( Figure S4C ). Collectively, our data suggested a model whereby KynA levels modulate the feeding rate by directly or indirectly antagonizing glutamatergic neurotransmission through NMDA-r and subsequent changes in serotonin signaling initiated from the ADF neurons.
To substantiate the above model, we searched for molecular links between NMDA-receptor-expressing neurons and serotonin signaling by examining neurotransmitter or neuropeptide pathways of nmr-1-positive neurons. The hyperactive feeding of nkat-1-deficient animals was unaltered in tdc-1 mutants, which are deficient in the production of tyramine and octopamine, feeding regulatory neurotransmitters originating from the RIM and RIC interneurons, respectively ( Figure 5C ) (Alkema et al., 2005; Greer et al., 2008) . Similarly, elevated feeding of nkat-1-deficient animals was not dependent on flp-1 (an FMFRamide neuropeptide), whose expression includes nmr-1-positive AVA and AVE neurons and has been previously implicated in serotonin-regulated behaviors (Waggoner et al., 2000) ( Figure 5C ). However, loss of flp-18, which is expressed in AVA, RIM, and four other neurons and regulates fat metabolism, chemotaxis, and movement (Cohen et al., 2009) , blocked the hyperactive feeding of nkat-1-deficient animals and the post-fast hyperactive feeding of wild-type animals ( Figures 5C and 5D ) without affecting ad libitum feeding rates. Reconstitution of flp-18 using the nmr-1 promoter was sufficient to rescue hyperactive feeding induced by nkat-1 inactivation ( Figure 5C ) or fasting ( Figure 5D ), whereas reconstitutions in AIY (ttx-3 promoter) (Altun-Gultekin et al., 2001 ) and in RIM alone (cex-1 promoter) failed to do so ( Figures 5C and 5D ). Because the only neurons that overlap between expression patterns of flp-18 and nmr-1 are AVA and RIM, and RIM-specific expression of flp-18 and nmr-1 was insufficient to restore post-fast hyperactive feeding state to their respective mutants, AVA remains as the likely origin of the flp-18 signal required for hyperactive feeding. Promoters for exclusive expression in AVA are not yet known.
The FLP-18 neuropeptide activates two different receptors, NPR-4 and NPR-5, that are related to the mammalian neuropeptide-Y receptor (Kubiak et al., 2008; Cohen et al., 2009 ). The two receptors have nonoverlapping expression with NPR-5 being expressed in select sensory neurons, including serotonergic ADF (Cohen et al., 2009 ). Similar to nmr-1 and flp-18 mutants, npr-5 mutants have wild-type pharyngeal pumping rates when feeding ad libitum and when fasted but do not hyperactivate pharyngeal pumping in response to nkat-1 deficiency ( Figure 5E ) or post-fast food encounter (Figures 5F and S4D ). Transgenic expression of npr-5 (a and b isoforms) solely in the ADF sensory neuron was See also Figure S3 and Table S1 . sufficient rescue the feeding deficiencies of npr-5 mutants (Figures 5E and 5F). Finally, unlike its requirement in the case of nkat-1 deficiency, loss of npr-5 does not alter the constitutively hyperactivated feeding of aak-2 mutants ( Figure S4E ). These results suggest that KynA depletion impinges on serotonin in ADF by an NMDA-r to FLP-18 to NPR-5 signaling axis.
Fasting Enhanced Activity in AVA Interneurons Is Repressed by KynA, Requires NMDA-r, and Is Independent of FLP-18 The prior results implied that the fasted state in C. elegans is sensed at least in part by the loss of KynA-mediated antagonism of NMDA-receptor-expressing interneurons. To measure the effect of varying KynA levels on the activity of nmr-1-expressing neurons, we measured calcium transients in these neurons using the intensity ratio of the fluorescent Ca 2+ indicator GCaMP3 (Tian et al., 2009 ) and the Ca 2+ -insensitive mCherry both expressed under the control of the nmr-1 promoter. :mCherry transgenes did not alter feeding rate of animals under any of the tested conditions ( Figure S5 ). Because the depletion of KynA caused by fasting or genetic inactivation of nkat-1 is a chronic condition, we measured spontaneous Ca 2+ -induced fluorescence transients over an extended (250 s) period. The nmr-1 promoter used to drive GCaMP3 had the most prominent expression in the AVA neurons; however, with our optical setup, we cannot rule out the acquisition GCaMP signal from both AVA and AVE. For all of our analyses, we report the total integrated signal of all the peaks in the 250 s recording window ( Figures  6A and 6B ). To enable comparisons of the average intensities and durations of the spontaneous, stochastic Ca 2+ transients under different conditions, we also examined each of the 250 s recording windows for events where we could unambiguously define initiation of a spontaneous transient. We then plotted GCaMP fluorescence for the following 60 s ( Figure 6A ) and examined the average response of multiple such transients per condition ( Figure 6C ). The total integrated change in fluorescence intensity was 2.5-fold larger in fasted wild-type animals than in fed animals ( Figure 6B) . Examination of the transients in the 60 s window following an initiation event indicated that the enhanced intensity observed during fasting persisted throughout the evaluation window rather than reflecting a series of short but very intense bursts of the Ca 2+ signal ( Figure 6C ). Kyn or KynA supplementations reverted the elevated integrated intensity Ca 2+ signal of fasted animals to that of ad-libitum-fed animals ( Figure 6B ). These supplementations did not block the initial intensity maximum of spontaneous Ca 2+ transients in fasted animals but promoted their rapid decline to levels comparable to or below that of fed wild-type animals ( Figure 6C ). Under ad-libitum-fed conditions, the total integrated fluorescence signal, as well as the size and duration of the Ca 2+ transients of nkat-1 mutants, was greater than those of ad-libitum-fed wild-type animals and comparable to those of fasted wild-type animals ( Figures 6B and 6C) . Although the total integrated intensity of GCaMP fluorescence was statistically indistinguishable between wild-type and nmr-1 mutants during the well-fed state ( Figure 6B) , loss of nmr-1 abrogated the fasting-induced elevation of total integrated response ( Figure 6B ) and the persistent rise in transients ( Figure 6C ). These results are consistent with kynurenic acid attenuating NMDA-receptormediated Ca 2+ activity in the ad-libitum-fed state, which is relieved upon fasting in wild-type animals or in animals deficient in nkat-1 function.
We also found that the total integrated intensity ( Figure 6B ) and duration of Ca 2+ transients ( Figure 6C ) that occur upon fasting were similar in flp-18 mutants and wild-type animals. This suggested that the requirement for flp-18 in post-fast hyperactive feeding is not merely an indirect outcome of inability of AVA neurons to respond to fasting in flp-18 mutants. Although loss of flp-18 did not alter the total integrated intensity of Ca 2+ transients during the fed state, we noted that the intensity of these transients was more elevated relative to those of fed wild-type animals when they occurred ( Figure 6C ). The reasons for this are not known but may reflect a paracrine or autocrine feedback inhibitory action of FLP-18 on the activity of AVA.
KynA Levels Regulate the Amount of Secretion from ADF in Response to Food through FLP-18/NPR-5 Signaling
Because the transition from the slow-pumping fasted state to the hyperactivated post-fast state occurs within minutes (Figure S2A) , we surmised that it could be driven by changes in secretion of serotonin from ADF, a process with a fast response capability (Whim and Moss, 2001) . Direct observation of serotonin secretion is challenging. Both serotonin and neuropeptides such as DAF-28, an insulin-like peptide (Li et al., 2003) , are secreted via dense-core vesicles. As a proxy for serotonin secretory activity, we measured the secretion of a DAF-28::mCHERRY translational fusion from ADF using a previously established assay (Kao et al., 2007; Lee et al., 2011) . Depletion of KynA caused by nkat-1 deficiency resulted in enhanced secretion of the reporter, which was completely abrogated in both flp-18 and npr-5 mutants ( Figure 6D) . Similarly, wildtype, but not flp-18 or npr-5 mutant, animals that had been fasted and returned to food for 20 min exhibited enhanced secretion compared to ad-libitum-fed animals ( Figure 6E ). Animals that had simply been fasted for 2 hr without subsequent food exposure exhibited no significant change in secretion ( Figure 6E ).
DISCUSSION
We have identified KynA as part of a whole-organism homeostatic feedback loop that allows animals to gauge whether they have experienced a period of fasting to alter subsequent feeding behavior (Figure 7 ). Because KynA is derived from tryptophan, an essential amino acid, changes in KynA levels are metabolically linked to nutritional status. Our findings suggest a model whereby fasting depletes KynA, leading to activation of NMDA-receptor-expressing neurons, which is consistent with the known role of KynA as an inhibitor of NMDA signaling. In turn, activation of these neurons initiates a neuropeptide Ylike signaling cascade, comprised of FLP-18 and its receptor NPR-5, that poises the ciliated ADF neurons for enhanced secretion of serotonin as soon as they sense the presence of (legend continued on next page) food. The elevated serotonin signaling promotes enhanced feeding by the animals through a previously described pathway (Cunningham et al., 2012) . As animals feed, the activity of NMDA-receptor-expressing neurons is attenuated by normalizing levels of KynA, which decreases FLP-18 to NPR-5 signaling in ADF, and terminates the transiently enhanced (F) Pharyngeal pumping rates of wild-type, npr-5 mutants, and the npr-5 transgenic line used in (E) fed ad libitum, after 2 hr of fasting, and after 5 min of refeeding post-fast. *p < 0.05 and **p < 0.0001. ANOVA (Tukey) comparing fasting and post-fast measurements to that of ad libitum fed for each measurement. In (A-F), error bars indicate 95% c.i. n = 10-16 animals per condition. See also Figure S4 and Table S1 . serotonin signaling phase. This regulatory logic is analogous to a classical product feedback inhibition loop but one that acts on an entire neural circuit. This circuit does not simply inform the animals of the presence or absence of food but allows animals to alter behaviors in a manner that takes into account an internal nutritional cue modulated by fasting. Although tryptophan degradation via the KP likely occurs throughout the animal (van der Goot et al., 2012) , we found that the highly restricted expression pattern for nkat-1 in the nervous system in the close spatial proximity of NMDA-receptor-expressing neurons was critical to its function in feeding behavior. Kynurenic acid is thought to antagonize glutamate signaling through binding extracellular motifs of cell-surface receptors such as the glycine coagonist site on NMDA receptors or a-7 nAChRs. Either mechanism would be consistent with our genetic data. In mammals, because it does not cross the blood-brain barrier, KynA in the brain is synthesized by astrocytic KATs (Schwarcz et al., 2012) . Therefore KynA functions cell nonautonomously. In C. elegans, nkat-1 is expressed in three sets of neurons: RID, RMDV, and RIM, of which reconstitution of nkat-1 in RIM was sufficient to confer wild-type feeding behavior to nkat-1 mutants. The cell bodies of RMDV lie directly adjacent to those of NMDA-receptor-expressing AVA, whereas the processes of AVA and RIM are closely associated, forming several gap junctions in the nerve ring (White et al., 1986) . Thus, KynA produced by NKAT-1 in RIM and RMDV is in close spatial proximity for influencing glutamate signaling in AVA and other NMDA-r-expressing neurons. A controversy in how KynA regulates mammalian glutamatergic signaling stems from the fact that the K i of KynA for NMDA and AMPA type glutamate receptors is 10-and 100-fold higher, respectively, than the concentration of KynA measured in the bulk State 1: the activity of AVA (hexagon) is attenuated by KynA synthesized from kynurenine by NKAT-1 in RIM, RMDV, and/or RID (circle). Kynurenine is ultimately derived from ingested food. ADF (triangle) senses food cues leading to 5-HT secretion to stimulate pumping. State 2: fasting represses KynA production, causing activation of AVA neurons that promotes FLP-18/NPR-5 signaling to serotonergic ADF. In the absence of food cues, serotonin signaling from ADF is muted. State 3: when animals re-encounter food immediately post-fast, the activated NPR-5 signaling state leads to enhanced secretion from ADF when food derived sensory cues are detected. Continued feeding leads to an accumulation of KynA returning the animals to State 1. extracellular space (Albuquerque and Schwarcz, 2013) . However, it is possible that the concentration of KynA increases dramatically in the microscopic vicinity of a cell competent to synthesize it. Heterogeneous, localized production of KynA may differentially modulate glutamatergic signaling in different brain regions or local synaptic clusters.
Our findings suggested that FLP-18 originating from AVA neurons during the fasted state acts on the ADF food-sensing neurons via NPR-5, an ortholog of the mammalian neuropeptide-y (NPY) receptors, to increase food consumption postfast. The AVA interneuron is also required for and its activity is correlated with initiating spontaneous reversals, a locomotory behavior that is increased in the absence of food (Gray et al., 2005; Piggott et al., 2011) . Thus, AVA neurons direct two distinct functional outputs coordinated to rectify the aversive fasted state: food seeking behavior and food ingestion. This is not likely a consequence of the relatively simple nature of the C. elegans nervous system. For example, in mice, starvation induced activation of AgRP neurons in the hypothalamus, which also express NPY, and elicited both foodseeking behavior and elevated consumption of food through projections within the hypothalamus and to the midbrain (Betley et al., 2013) . AgRP neurons also express NMDA receptors and targeted genetic ablation of NMDA receptors in AgRP neurons, attenuates the post-fast hyperphagia in mice . Thus, AgRP neurons represent a prime point of control in mammals upon which KynA inhibition of glutamate signaling could play a role in food-associated behaviors.
The nervous system can gauge peripheral metabolic status by direct sensation of circulating nutrients such as glucose, leucine, or lipids, as well as through indirect hormonal pathways that originate from peripheral organs and signal to the nervous system (Lam, 2010) . As an indicator of nutrient status, KynA stands out because it appears to directly modulate synaptic transmission, akin to a neurotransmitter whose levels are directly tied to nutrient availability. As recently exemplified (Agudelo et al., 2014) , changes in peripheral metabolism can exert effects on central KP metabolite levels. Because defects in peripheral metabolic regulation are associated with a diverse array of CNS-associated diseases (Cai et al., 2012; Mitchell et al., 2013; McElroy and Keck, 2014) , KynA presents an intriguing possibility for directly linking metabolism to various neural functions. Additionally, our findings provoke a possible twist in the interpretation of the serotonin-kynurenine hypothesis of depression in that KP activation may indeed antagonize serotonin-not through direct metabolic competition for their common precursor as previously proposed (Lapin and Oxenkrug, 1969) but through the production of KynA and its antagonism of a neural circuit that, in turn, enhances serotonin release. In the case of neurodegenerative disorders, the beneficial effects of KynA have been attributed to its potential for countering glutamate toxicity (Schwarcz et al., 2012) . Another possibility raised by our studies is that the effects of KynA may be due to modulation of neural circuits whose normal, physiological functions may have beneficial impacts on proteostasis and neurodegeneration. In C. elegans, serotonin signaling, which we show is attenuated by KynA, regulates release of systemic neuroendocrine molecules, including insulin (Cunningham et al., 2014; Liang et al., 2006) , a well-known modulator of proteostasis (Taylor et al., 2014) .
EXPERIMENTAL PROCEDURES
Please see Extended Experimental Procedures for detailed procedures.
C. elegans Strains
Transgenic lines were prepared by microinjection of expression plasmids. Unless described otherwise, C. elegans were cultured on agar plates at 20 C on E. coli OP-50.
Materials
Unless described otherwise, all chemicals were purchased from Sigma. Plasmids were constructed using standard molecular biology techniques.
Pharyngeal Pumping Assay
The number of contractions of the posterior pharyngeal bulb was counted over 10 s intervals as described (Srinivasan et al., 2008) . All pumping rates presented in this study are presented in tabular form in Data S1.
BODIPY Uptake Assay C. elegans were added to plates containing BODIPY (200 ng/ml) and E. coli for 15 min, washed off, paralyzed with NaN 3 , and imaged (You et al., 2008) .
Metabolite Determination
Acidified, aqueous extracts of C. elegans cultures were separated using an HPLC equipped with a 150 3 4.6 mm C 18 -reversed phase column operating at flow rate of 1 ml/min. Metabolites were detected using in-line fluorescence and UV absorbance detectors. Retention times and excitation/emission data were compared to that of metabolite standards injected under the same conditions.
Metabolite Supplementation
Day 1 gravid adults were washed free of bacteria and then incubated for 2 hr in S-basal media supplemented with metabolites at 100 mM concentration. Ad libitum feeding: L4 animals were cultured for 1 day on plates containing 0.1 or 2.5 mM KynA.
Spontaneous Ca 2+ Transients
Animals were mounted on agarose pads, immobilized with coverslips, and imaged for 250 s through a 403 objective on a microscope equipped with green and red epifluorescence filters and with a 16-bit camera acquiring 4 3 4 binned images on two channels sequentially at 2 Hz. A 6 3 6 pixel region of interest was placed over AVA, and the integrated fluorescence intensity at each time point for both the GCaMP signal and mCherry signal was measured. The Ca 2+ signal was determined by normalizing the green channel by the red channel measurements for each time point.
Secretion Assay
The integrated fluorescence intensity from the red channel was measured in coelomocytes from animals that expressed the DAF-28::MCHERRY fusion protein from neuron-specific promoters using ImageJ.
Statistics
Two-tailed Student's t tests were used to calculate p values when comparisons were limited that between two conditions. When multiple conditions were compared per experiment, one or two-way ANOVA with appropriate post-tests was used to calculate p values. 
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